Introduction
The estimation of the turbulent heat exchanges at the surface is of great importance in most hydrological and meteorological applications. A correct description of such phenomena can considerably improve the performances in numerical models in terms, respectively, of a more accurate hydrologic balance at watershed scale and of correct surface forcing for the atmospheric boundary layer. A significant influence is also observed on the precipitation: the evapotranspiration flux affects rain through a feedback mechanism that involves the soil moisture state (Entekhabi et al., 1996) .
In the atmospheric numerical models, due to scale resolving limitations, parametrization of these surface processes is often present. For example, soil moisture storage and transfer processes in GCM (Global Circulation Models) are often oversimplified. Redistribution due to topography and numerous other important processes that may significantly contribute to land-atmosphere interaction are neglected (Entekhabi, 1995) . On the other side, the growing attention on this topic produced in the last decade more accurate representations of the surface processes in the atmospheric numerical models, both LAM (Limited Area Models) and GCM (Vidale and Stöckli, 2005; Beljaars et al., 2007) . In order to improve the performances of the atmospheric simulation at the surface, other approaches proposed couplings between atmospheric and surface models (Koster and Suarez, 1993; Dudhia and Chen, 1999; Haggag et al., 2008) .
The direct measure of the turbulent fluxes presents several difficulties, due to the costs of installation and maintaining of the towers instruments (Baldocchi, 2001) . This is particularly true at temporal and spatial resolutions that are significant for the study of two-way land-atmosphere interactions such as soil moisture feedback on precipitation (Entekhabi and Eagleason, 1989) . A valid and largely utilized alterna-tive to point surface measures for these variables is constituted by remote sensing. Measurements from satellite sensors are not directly related to heat and moisture fluxes, but they can be merged with models to infer physical conditions at the land surface that are intimately related to the energy balance. Among these conditions the Land Surface Temperature (LST) is the main prognostic variable for the indirect estimation of surface energy fluxes (Schulz et al., 1998) .
A feasible general methodology to estimate surface energy fluxes based on remote observations is constituted by the combined use of LST and micrometeorological measurements in order to estimate the contribution of each flux component to the total surface energy balance. A possible approach consists in using data assimilation techniques of remote observations of surface radiometric temperature in order to solve the energy balance (Caparrini, 2001; Harris and Taylor, 2007; Meng et al., 2009) . The first proposal of use of LST retrieved from satellite observations came from Wetzel et al. (1984) , while a number of work have been proposed in last two decades about land data assimilation inside atmospheric models (McNider et al., 1994; Jones et al., 1998a, b; Giard and Bazile, 2000; Mahfouf et al., 2000 ; Van den Hurk and The, 2002; Bélair et al., 2003a, b) .
In this study a variational approach has been followed using sequences of LST observations as input in a data assimilation scheme able to retrieve optimal surface states and parameters that describe energy balance at the land surface. Satellite data from SEVIRI sensor aboard the Meteosat Second Generation (MSG) are used as LST input. A parsimonious 1-D multiscale variational assimilation method has been followed, based on a simplified description of the LST dynamics, the Force-Restore Equation (Lin, 1980; Dickinson, 1988) , used as physical constraint. A simplified surface energy budget model (Caparrini, 2001; Caparrini et al., 2004) , ACHAB, that includes this assimilation scheme, has been coupled in this study with a limited area atmospheric model, RAMS (Tremback, 1990) , in order to study the effects on the latter in terms either of reconstruction of the ground conditions and of vertical characterization of the lower atmosphere. The representation of the land surface processes in RAMS became more and more complex in last years (Lu et al., 2001; Adegoke et al., 2003; Cotton et al., 2003; Walko and Tremback, 2005) . Several diagnostics have been performed in order to compare the performances of the runs of RAMS with the ACHAB-RAMS coupling. Particular attention has been devoted to the analysis of the precipitation and local recycling ratio maps have been computed. In the following sections the ACHAB and RAMS models will be described, then the results of the coupling experiment will be exposed. The study has been focused on the Tuscany region, on a domain of about 40 000 km 2 in central Italy, in a period of 4 months, from June to September 2005.
Surface energy budget model ACHAB

Land surface energy budget
The estimation of heat fluxes that characterize the energy budget at the surface can be formulated with an inverse approach, given a sequence of land surface temperature observations. In order to retrieve these estimates, the dualsource (DS) version of the model ACHAB (Assimilation Code for Hydrologic-Atmospheric Budget) has been utilized (Caparrini et al., 2004) .
The DS formulation largely follows Kustas et al. (1996) , that describes the soil-vegetation system as a resistance network that includes nodes at the soil, the canopy leaves, the within canopy air and air above the canopy. The conductances are characterized through turbulent heat transfer coefficients C H s (for heat transfer from soil to air within the canopy) and C H v (from leaves to air within the canopy). Following the bulk parametrization, the sensible heat fluxes (soil and vegetation respectively) are given by:
where ρ is the air density, c p is the specific heat of the air at constant pressure, T s and T v are respectively soil and canopy kinetic temperatures, and T ca and U ca are the temperature of the air and the wind speed at a reference height within the canopy volume. The turbulent moisture flux is represented using the definition of evaporative fraction EF for soil and vegetation:
where L is the specific latent heat of vaporization and E s and E v are the moisture fluxes in mass per unit of contributing surface (soil and vegetation, respectively). The total heat fluxes H and LE can be calculated by means of a bulk heat transfer coefficient C H from the air within the canopy to the boundary layer air above the canopy (subscript a):
where U is the wind speed above the canopy. In analogy to Eq. (2a-b), the total evaporative flux LE is determined by means of the total evaporative fraction EF. The total sensible and latent fluxes for a pixel are given by the contribution of the fluxes from the soil and the vegetation components, weighted by the fractional vegetation cover f . The assimilation procedure comprehends an adjoint model constituted by the Force-Restore equation (Lin, 1980; Dickinson, 1988) . The Force-Restore equation is a simplified description of the dynamic of the LST in which are present a forcing term (first on the right side, given by the energy budget at the surface) and a restoring term (second on the right side, that takes into account the effect of the deep ground temperature T deep ):
where H and LE are positive upward, R n is net surface radiation, positive downward, P is thermal inertia [J/(m 2 ·K·s 1/2 )] and it is assumed that the forcing has a dominant frequency ω (i.e. diurnal). Moreover, in land surface models it is often assumed that the energy balance in the canopy is an instantaneous (no inertia) balance between net radiation and turbulent fluxes (R n =H v +LE v ), due to the fact that the vegetation canopy has a much lower thermal inertia compared to soil. Written in terms of EF, the canopy energy balance model now becomes:
The relations (4) and (5) constitute the energy budget constraint of the problem, respectively for soil and vegetation. The DS model consists of the set of equations of turbulent fluxes (Eqs. 1a-b, 2a-b, and 3) and of constraints on the energy budgets (Eqs. 4 and 5) with parameters C H s , C H v , C H , EF s , and EF v that need to be estimated. Following Eagleson (2002) , the conductances of vegetation and soil layers can be estimated as a function of the air heat transfer coefficient C H and the measured wind speed U . The unknown parameters to be estimated are so reduced to C H , EF v , and EF s .
Assimilation of LST into ACHAB
The assimilation process consists in the minimization of a cost functional J that incorporates physical constraints (energy balance) through Lagrange multipliers. The functional J contains a quadratic measure of the misfit between model predictions and LST observations. The minimization is carried on under the working hypotheses of constant evaporative fractions during daytime hours (Sugita and Brutsaert, 1991; Crago and Brutsaert, 1996) and constant neutral heat transfer coefficient C HN (related to C H trough a coefficient for the atmospheric stability correction) over a longer timescale (e.g., a month).
The functional is constructed using two different integral time scales: the overall assimilation period of length D days, for which a single C HN value is estimated at each state pixel; a daily assimilation window [t 0 , t 1 ] during which EF may be considered constant and EF s and EF v are estimated for each pixel independently for each day d=1,. . ., D. The scalar cost function J is:
in which the first term is the quadratic measure of the misfit between model predictions and LST observations, is the vector of n model states at time t, are the observations at irregular times t k . M is a matrix of measurements-to-model LST projection factors, D is the number of days considered, [t 0 , t 1 ] is the assimilation window, is the vector of Lagrange multipliers, G T s , G EF s , G EF v , and G C HN are the spatial covariance matrices for observations and parameters (in this application assumed as diagonal), the primed variables represent prior estimates of parameter values and the last term represents the physical constraint. The correct values for the parameters C HN and EF can be found minimizing J , thus imposing the vanishing of its first variation (δJ =0).
The model solves the Euler-Lagrange equations (that come from imposing the conditions J =0) trough an iterative procedure on monthly basis. The model has been run, for each day of the period of interest, inside the temporal window 6 a.m.-6 p.m. at half an hour timestep. ACHAB requires as input, together with the LST observations at an half-an-hour timestep during the assimilation temporal window, standard micrometeorological measurements: air temperature, air humidity, wind speed and incoming solar radiation. A LAI map is also used to characterize the fractional vegetation cover. The assimilation procedure has been carried on only on the domain cells for which a sufficient number of LST observations (at least three values per day) and meteorological forcing was present. In the cells where these requirements were not satisfied (cloudy cells), a forward integration (without assimilation) of the Force-Restore equation has been performed, in order to assure proper forcing for RAMS on the whole domain.
The estimated parameters maps have been produced on a monthly basis for C H and on daily basis for both EF s , EF v . Together with parameters, maps for each timestep (inside the diurnal assimilation window) have been produced for the following variables: sensible and latent heat flux from soil component H s , Le s and from vegetation component H v , Le v , soil, vegetation and canopy air temperatures T s , T v , T ca , and mixing ratio r s , r v , r ca .
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The Regional Atmospheric Modelling System (RAMS) is a limited area atmospheric model with complete physics and non-hydrostatic equations, developed at the Colorado State University. It solves a set of equations that describe dynamics and thermodynamics of the atmosphere, mass and energy conservation and hydrometeors microphysics (Tremback, 1990 ). RAMS presents a number of different numerical scheme for convection, radiation, cloud microphysics and boundary conditions. The model is able to work on nested grids configurations, allowing to simulate the area of interest at very high spatial resolution without losing the information from medium or synoptic scale atmospheric features. It also provides a nudging scheme that allows the assimilation of measures inside the boundary conditions, that are required on a 6-h basis. The scheme is able to assimilate ground point measures and atmospheric soundings by merging them with the boundary conditions. In the present study the model has been used in non-hydrostatic configuration and a set of calibration runs based on ground measurements and on literature on RAMS and its use in the Mediterranean area (Tremback, 1990; Meneguzzo et al., 2002; Gualtieri and Calastrini, 2003; Pasqui et al., 2004 ) has been performed in order to retrieve the best possible configuration of the model for the domain of study.
RAMS comprehends the surface-atmosphere interaction scheme LEAF-3 (Land Ecosystem-Atmosphere Feedback version 3; Walko and Tremback, 2005) . LEAF-3 utilizes a detailed modelling of the interactions between the atmosphere, the soil, the vegetation, the surface water and the deep ground, taking into account the characterization of the land cover and of the health status of the vegetation. The main purpose of this module is to compute the heat and humidity exchanges with the atmosphere, providing the lower boundary conditions for the atmosphere in RAMS.
LEAF-3 works on a two-dimensional grid that represents the surface (comprehending soil surface, vegetation, canopy air and, if present, water) and on a three-dimensional grid that covers a thin layer of soil (usually 0.5-1 m thick), subdivided in a customizable number of levels. All components are described with prognostic equations that include exchanges terms such as turbulent fluxes, heat conduction, water diffusion and percolation, longwave and shortwave radiative transfer, transpiration and precipitation. Figure 1 provides a general scheme of all the components considered in LEAF-3 for a single cell and highlights the energy fluxes exchanged between different components. The interface between the surface and the atmosphere is constituted by a scheme similar to the one employed by ACHAB (see Sect. 2) in which several fluxes (from soil/vegetation to canopy air and from canopy air to atmosphere) are present. The surface fluxes of heat, momentum, and water vapour into the atmosphere are computed with the scheme of Louis (1979) . For the three possible types of patch (water, bare soil, vegetated soil), different temperature and water mass budget are computed.
Even though the turbulent closure considered in both ACHAB and LEAF-3 models is of the first order (bulk formulation), the models are quite different. In particular LEAF-3 is much more detailed (especially relatively to the vegetation component) and requires many more parameters. However, as it will be exposed in Sect. 5, LEAF-3 tends to produce temperature and humidity states and a partitioning of the turbulent fluxes at the surface very different from the typical observed values.
Case study
Accordingly to the availability of LST satellite observations and micrometeorological data from ground sensors, the domain of study was selected as the Tuscany region in central Italy in 2005. The region, that covers an area of about 23 000 km 2 , is crossed by the Apennines Mountain range that describes an arc from North to East having average elevation of 1000 m a.s.l. with maximum of about 2000 m. The mean annual precipitation is 800 mm, the climatic type can be considered as semi-arid with a high variability during the year; summer is hot and dry while winter is cold and rainy.
The period chosen for the analysis was summer 2005 for a total of four months, from 1 June to 30 September. The choice of the summer period is mainly dictated from the fact that this is the year season in which the land-atmosphere interactions are dominated by heat fluxes from the surface. The summer of 2005 in central Mediterranean was characterized by some short heat wave in the first half (especially during the month of June) followed by a less warm period caused by cold air masses from northern Europe. During this period the precipitation regime was characterized by a number of intense rainfall events of short duration along all the summer and two-three long-duration rainfall periods (from some days to almost a week long). In Fig. 2 The main input of the assimilation procedure are the estimates of Land Surface Temperature, obtained from the Meteosat Second Generation SEVIRI sensor by the Land Satellite Application Facility (Land SAF Project Team, 2006) . The micrometeorological input data (solar radiation, air temperature, air humidity, wind speed) have been obtained from the ground-based networks of Tuscany Region Hydrological Service.
The ACHAB model has been run on four separate monthly runs (June, July, August, and September 2005) in order to allow a monthly estimate of the parameter C H , while evaporative fraction maps for both soil and vegetation components have been produced for each day.
Coupling of the models and results
This section describes the coupling between ACHAB and RAMS and the results of this numerical experiment. The purpose of this coupling was to explore the land-surface interactions inside the atmospheric model forced by the results of the LST assimilation with ACHAB.
The coupling has been realized replacing the estimates of sensible and latent heat fluxes and of temperature and humidity states at the surface produced by ACHAB inside the surface module of RAMS, LEAF-3 (see Sect. 3). The atmospheric model has been modified in order to acquire, during the atmospheric simulation and inside the diurnal window of each day, the maps of all the variables estimated by ACHAB and bypass the computations of LEAF-3. In analogous works land data were directly assimilated inside the atmospheric model (McNider et al., 1994; Giard and Bazile, 2000; Mahfouf et al., 2000; Bélair et al., 2003a, b) or surface states like the soil moisture were modified in order to match the observations of related variables (Jones et al., 1998a, b) . Differently from these studies, in the present work a replacement of the surface states has been performed using the products of a separated land-surface model. Several diagnostic tests have been executed on all the results of the experiment, in order to evaluate the effects of the coupling on the near-surface variables reconstruction. The influence on vertical profiles of the atmosphere and on the generation of precipitation events has been also considered.
ACHAB runs results
Besides the parameters C H , EF s and EF v , that characterize the surface energy budget, the products from ACHAB are constituted by surface energy and water fluxes and surface states in terms of temperature and humidity of the soil and vegetation components. Figure 3 shows the comparison between ACHAB and the control RAMS run (without coupling) in terms of total energy fluxes (soil+vegetation, spatial average). The latent heat fluxes estimated by ACHAB result much higher than the equivalent RAMS variables, while the opposite happens for the sensible heat fluxes. The comparison between the evaporative fractions computed by RAMS and estimated by ACHAB shows how the atmospheric model fails in estimating realistic values of this parameter. RAMS EF are in fact almost always outside the typical observed range 0.5-0.9 (Crago and Brutsaert, 1996) , while ACHAB estimates are constantly comprehended between 0.7 and 0.85.
Results of the coupling experiment
The ACHAB products replaced inside LEAF-3 were states of temperature and humidity of soil, vegetation and canopy air and turbulent fluxes of heat and water mass. The replacing has been performed only during the diurnal window 6 a.m.-6 p.m., while during the night the normal functioning of RAMS-LEAF-3 was restored.
Available ground micrometeorological data were also used to validate the results. In Fig. 4 the time series of areaaverage air temperature at 2 m above the ground for the month of July are compared with temperatures produced in the control run of RAMS and in the coupling experiment. The observed time-series have been obtained by computing the mean of all the stations, while the simulated time-series are computed as the mean of all the nearest gridpoints. The top panel shows how RAMS tended to produce higher temperature with respect to the observations, both during the day and during the night hours. The lower panel shows an improvement of the air temperature in terms of a strong decreasing of the positive bias (that reaches up to 5-6 • C at the diurnal peak, see also Table 1 ) that normally affected the temperature produced by RAMS and that was almost completely eliminated. In Fig. 5 the spatial patterns of the air temperature maps for 2 August are compared. The figure shows the maps produced by the control run (top right) and the coupled run (bottom right) and the observed map obtained trough interpolation of the ground measurements (left). The maps show that changes in spatial patterns occurred due to the assimilation procedure. In particular, differences in the pattern of the plain region of the map are evident, while the mountainous regions (the Apennines, in the northern part) present a similar spatial distribution of the temperature. With regard to the comparison with the observations, the best accord in terms of temperature of the mountainous regions is given by the control run, while the coupled run provided better results on the plain part of the domain, underestimating the temperatures at higher heights. However, different patterns are observed in the plain regions between the observations and the coupled run. Both the control and the coupled runs present a decreasing of the temperature along the coastal line.
A significant improvement was reached also in terms of air humidity: in Fig. 6 , the time series of the air relative humidity at 2 m above the ground is compared with the equivalent product of RAMS in control and coupled runs. Again, the time-series are obtained by computing the mean of all the stations for the observations and of all the nearest gridpoints for the simulation. The humidity produced by the control run shows a strong underestimation during most part of the month, especially during the night. In the period comprehended between days from 10 to 18, on the opposite, the humidity is overestimated during the day, in correspondence with rainy days. The coupling experiment mostly corrected such underestimation, during both diurnal and nocturnal periods. In particular, a slight nocturnal overestimation was introduced. Figure 7 , analogously with Fig. 5 , shows the comparison between air humidity maps, expressed in terms of air mixing ratio at the surface. In this case it is evident how the control atmospheric simulation fails in reconstructing the correct spatial pattern at the surface. RAMS produced, in fact, an almost constant distribution of humidity, apart the coastal regions where an abrupt increasing is evident. On the opposite, the coupled run shows improvement in terms either of values range and of spatial distribution, showing a central part of the map with lower humidity and higher values on the East and on the western coast. With respect to the observations map it can be noticed a slight underestimation of the mixing ratio in correspondence of the coasts and an overestimation of similar extent of the inland part of the domain.
The comparison between the runs in terms of spatiallyaveraged cumulated precipitation in the whole four months long period is presented in Fig. 8 . In the control run and in the coupling experiment the precipitation periods result essentially the same; no significant changes either in temporal distribution and in total precipitated volume are observed. This can be explained with the dominant role of the lateral boundary conditions, that have not been modified by the coupling, in providing the availability of atmospheric moisture. In both simulations RAMS generated more precipitation events, while the coupling procedure led to a slightly smaller quantity of total precipitation.
In Fig. 9 the cumulated daily precipitation maps for 7 July are represented. While the cumulated curves (Fig. 8) do not show significant differences between the runs, both simulations produced spatial patterns very different from the observations. In the panel (a) (observed rainfall), the most part of the precipitation is concentrated on the west coast of the domain. On the opposite, both atmospheric simulations generated sparse low-intensity rainfall on the whole domain with higher rainfall height in the north-eastern region in the control run (panel b) and some minor events in the coupled run (panel d).
The different behaviour in space and time of the precipitation can be explained considering the different effects of the lateral and the lower boundary conditions. Being the size of the nested grid relatively small (about 40 000 km 2 ), the moisture circulation of the domain is largely determined by the lateral boundary conditions, that impose the humidity advection (Seth and Giorgi, 1998) . On the other side, the convection is affected by the lower bound forcing that, by means of the coupling with ACHAB, is completely replaced during the diurnal period. The combination of these two effects creates a situation in which the availability of atmospheric water is determined from without the domain, while the conditions that can trigger the precipitation depend on the surface fluxes forcing (temperature and humidity at the surface, evapotranspiration fluxes, see for example Eltahir and Pal, 1996; Fabry, 2006; Yuang et al., 2007) . The coupling of the models, in this case, can affect only partially the dynamics of the atmospheric domain, but shows that also in such a constrained situation a significant influence is observed (see also Sect. 5.3).
The Tables 1 and 2 resume the results of the control run and the coupling experiment in terms of comparison between observations and atmospheric simulations. From Table 1 the RMSE of the surface states (air temperature and humidity) has been halved following the coupling with ACHAB. For both variables, the bias was almost eliminated. Table 2 shows how the model overestimated the monthly total precipitation in June and September and underestimated the same variable in July and August.
As stated in Sect. 3, when ground measures or atmospheric soundings are available, it is possible to make RAMS assimilate these data inside its boundary conditions with a nudging procedure. A number of runs in which RAMS assimilated measures from the available ground sensors have been performed. The results showed that, despite the large quantity of measures available, there have been no significant effects on the atmospheric simulation, confirming the added value given by the satellite estimations of LST.
An important variable for the characterization of the lower atmosphere is the height of the planetary boundary layer. For the latitudes of the domain of this study the PBL height varies from some tens of meters during nocturnal period up to 1.5-2 km at the midday peak in a sunny day (Stull, 1988) . The PBL height computed in the control run of RAMS showed unrealistic high values, reaching a maximum of 4 km above the surface, while the mean values of the diurnal peaks is about 2.5 km. The coupled run produced much lower PBL peaks with mean height equal to about 1-1.5 km, much more similar to the expected values for a mid-latitude region.
As a further characterization of the precipitation, a recycling ratio analysis was carried on. As stated in Sect. 1, the feedback processes in terms of water exchanges between the soil and the atmosphere are of major importance for the climate studies. A possible characterization of these feedbacks is given by the precipitation recycling, that is a measure of how much evaporation in a continental region contributes to the precipitation in the same region. It is commonly characterized by the recycling ratio, that expresses the fraction of local-originated precipitation to the total precipitation in the considered domain (Burde and Zangvil, 2001) .
In this work the recycling model of Eltahir and Bras (1994) has been employed. This model allows the computation of maps of the local recycling ratio ρ, defined, for a small area A, as the fraction of precipitation originated from evaporation from the whole domain of area A on the total precipitation that falls on A. With this model, maps of ρ and estimates of the recycling ratio r have been computed on a monthly basis. In Fig. 10 the comparison between ρ maps for July in control run and coupled run is shown, while in Table 3 the monthly values of the recycling ratio for the whole period are reported.
The recycling ratio time series showed a net increasing in the coupling experiment. Following the replacing of the sur- face energy budget, the coupling with ACHAB resulted in an increase of the relative importance of evaporation fluxes in the economy of the precipitation. The result is confirmed by the fact that the total rainfall volumes were substantially unchanged (see Fig. 8 and Table 2 ), while the latent heat fluxes considerably increased (Fig. 3) . The recycling ratio maps show also a change in spatial patterns: while both maps show an increasing of ρ eastward, the coupled run produces a different spatial distribution. Due to the fact that the information necessary to produce these maps comes from evaporation and wind fields, the different ρ maps show how the introduction of different lower boundary conditions led to a change in the atmospheric circulation in the domain. 
Conclusions
The different components of the energy balance at the land surface are recognized as fundamental quantities in many hydrological and meteorological problems. In particular, it is largely argued that surface evaporation fluxes may have strong influences on the atmospheric processes that lead to precipitation, as a mean of feedback from soil-moisture. From this point of view the remote sensing technologies allow to map a number of surface-related characteristics on large areas. Consolidated data assimilation techniques, like the one utilized in this research, allow to retrieve variables of interest that can characterize these surface phenomena by merging data and theoretical models. The present study introduced a coupling framework in which the ACHAB model, that assimilate remotely sensed maps of LST in order to characterize the surface energy budget, and RAMS, a non hydrostatic limited area atmospheric model, interact. The land-surface interactions inside this two-models setup has been analysed with special focus on different lower boundary conditions.
The results showed that the substitution of the surface energy budget changed significantly the behaviour of the atmospheric model, particularly at the ground surface. The coupling led to improvements in RAMS performances in terms of reconstructing surface variables such as air temperature and humidity. In particular, strong biases present in the atmospheric control simulations have been almost completely eliminated, while the computed RMSE has been reduced of about 50% following the coupling. Different spatial patterns of these near-surface variables have been obtained, with remarkable improvements for what concern the air humidity at 2 m above the ground. The accurate reconstruction of the surface energy fluxes, which enter as lower boundary conditions for the atmospheric model, brought improvements in the vertical characterization of the atmosphere.
Significant changes in the spatial patterns of the precipitation have been also observed after including the data assimilation, even though the temporal distribution of the rainfall events was substantially unchanged. This result was confirmed by the estimated global and local recycling ratio, that showed noticeable increasing and change in spatial pattern when coupling was introduced.
As further result of the work, the coupling procedure can also be viewed as an assimilation framework that allows the atmospheric model to assimilate measurements of surface variables, both from ground stations and satellite. This procedure is nominally available in RAMS, but experiments done in this study showed that it does not produce significant effects on the results of the simulation.
In conclusions, the study showed the performances of a coupling framework between a surface budget model that assimilates LST and an atmospheric model. Previous works described coupling experiments between atmospheric and surface energy budget models were carried out (Dudhia and Chen, 1999; Haggag et al., 2008) . With respect to them, the present study introduces the replacement of the surface module of the atmospheric model with a simplified scheme that includes an high resolution LST assimilation in a complex orography domain. Future researches will focus on the extension of the analysis to larger domains considering also comparison with available atmospheric soundings. The use of complete land-surface scheme will be included into the assimilation framework. Due to the fact that the coupling is possible trough quite simple changes to the code of any atmospheric model, it is possible to adapt the procedure to other atmospheric numerical codes. Future studies could be carried out on the possibility to utilize the coupling operationally as a reinitialization procedure for the near-surface variables.
Edited by: S. Michaelides, K. Savvidou, and F. Tymvios Reviewed by: G. Balsamo and another anonymous referee
